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Introduction 
There are at least 3 million people globally 
who need prosthetic treatment [1]. The 
number of people who receive lower limb 
amputations could be on the rise with the 
occurrence of the ageing problem. Prosthetic 
replacement is one of the most significant 
rehabilitation programs for those who lose 
their limbs. A lower-limb prosthesis is 
conventionally attached to the residual limb 
by a socket, as shown in Figure 1. Although 
this approach has been used for over 50 years, 
residual limb pain and soft tissue breakdown 
occur commonly [2]. Poor socket fit applying 
excessive pressure to the pressure-intolerable 
residual limb has been suggested to be the 
main cause of the problems.  
 
 
 
Figure 1. (left) Conventional socket-type 
trans-tibial prosthesis; (right) Trans-femoral 
amputee fitted with osseointegrated fixation. 
 
 
On the other hand, a few teams are 
developing a surgical approach for directly 
anchoring a prosthesis to the femur using a 
titanium implant (osseointegration), shown in 
Figure 1. One of the most advanced fixation 
systems currently available includes an 
implant and an abutment [3]. The proximal end of 
the abutment is attached to the implant while its 
distal end protrudes through the soft tissue allowing 
attachment of the external prosthesis (Figure 2). The 
absence of prosthetic socket can alleviate the skin 
problems and residual limb pain.  Improved sensory 
feedback and greater hip range of motion are the 
other advantages. However, occasional mechanical 
failures of fixation have been reported [4]. 
Loosening of implants after long term usage might 
be a potential issue due to the load transfer from the 
bone to the implant (stress shielding), although there 
is no data available in the literature indicating the 
incidence yet.  
 
Residual limb pain, mechanical failures of the 
fixation and the potential problems of implant 
loosening are all related to mechanical loading. To 
improve the quality of external and bone-anchored 
lower-limb prostheses, it is important to study the 
load applied to them. This article presents our 
studies performed at The Hong Kong Polytechnic 
University and Queensland University of 
Technology investigating the load mechanics in both 
types of prostheses.  
 
 
Figure 2. Overview of osseointegrated fixation 
including an implant and an abutment. 
 
 
Methods 
 
Prediction of load transfer at the socket-limb 
interface:  
Finite element (FE) analysis was used to 
study the load applied from the socket to the 
limb. The geometry of the residual limb of a 
trans-tibial amputee weighed 80kg was 
obtained by taking MRI. Boundaries of bones 
and residual limb surface at each MRI slice 
were obtained by using Mimics v7.1 
(Materialise, Belgium), and 3D reconstruction 
was performed to produce a solid model. 
Prosthesis was designed using software 
ShapeMaker 4.3 (Seattle Limb System). 
Figure 3 shows the FE model. Material 
properties of different structures were 
assumed to be linearly elastic and obtained 
from the literature. Coefficient of friction 0.5 
was assigned to the socket-limb interface. 
Loading was applied based on previous gait 
analysis using motion analysis system and 
force plates. The model considers pre-stress 
when the residual limb just donned into the 
socket. Parametric studies were performed to 
look into the effect of shank stiffness on the 
socket-limb interface stresses, by altering the 
geometry of the shank. Experimental pressure 
measurements was performed on three 
amputees of similar body weight using 
Tekscan pressure sensing mat and compared 
to the FE models (Figure 3). 
 
Figure 3. Finite element model to study 
socket-limb interface stresses. The shape of 
the shank was altered to study the effect of 
shank stiffness on interface stresses. 
 
 
Measurement of load applied on osseointegrated 
fixation 
Loading applied on the osseointegrated fixation of 
twelve trans-femoral amputees was measured. The 
number represents approximately 15% of the current 
global population of trans-femoral amputees fitted 
with osseointegrated. Load applied on the fixation 
was monitored by a commercial load transducer 
mounted between the abutment and the prosthetic 
knee joint (Figure 4). The transducer was connected 
via a serial cable to a wireless transmitter which 
transmitted the load data to a nearby computer. The 
amputee subjects were asked to walk unimpeded in a 
straight line along a level walkway at self-selected 
comfortable walking speeds. Loadings (forces and 
moments) at the anteroposterior, mediolateral and 
long axes of the abutment of each step of the 
prosthetic limb were plotted against the percentage 
of stride. Local maxima and minima of load at each 
step were identified. Step-to-step variability in load 
of each subject along the walkway as well as 
subject-to-subject variability were studied. Details of 
load measurement were mentioned in [5-7]. 
 
 
 
 
Figure 4. To measure loading applied on fixation , a 
load transducer (A) was mounted to specially 
designed plates (B) positioned between the adaptor 
(C) connected to the fixation (D) and the knee joint 
(F). 
 
 
Results and Discussion 
 
It was predicted that higher pressure applied at the 
patella tendon, popliteal depression, anteromedial 
and anterolateral aspect tibia. This is consistent to 
previous studies [8]. Figure 5 shows the peak 
pressure at the patellar tendon region of residual 
limb along a gait cycle. A tendency of reduced 
socket-limb interface pressure upon increasing 
flexibility of the overall prosthesis was noted. This 
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suggests that comfort could be improved 
when a prosthesis of higher overall flexibility 
was used. The predicted interface pressure 
matched reasonably well with experimental 
measurement: with mean error of 11.3%. 
 
Three-dimensional forces and moments of 
each participant fitted with osseointegrated 
prostheses during normal walking were 
plotted in Figure 6. It can be seen that 
although there were noticeable differences in 
the magnitude of forces among different 
participants, similar force patterns were 
shown for all the subjects. Local extrema 
were identified and the variability of the 
magnitude within and among subjects were 
studied. It was found that the step-to-step 
variation of each subject was low- in most 
case the coefficient of variation (COV) was 
lower than 0.15. This tended to validate gait 
laboratory-based studies focusing on a limited 
number of steps. However, the variations of 
load among subjects were large, with COV 
greater than 1 in some cases. This confirmed 
that the mechanical design of prosthetic 
components should be customized for each 
individual, or that a fit-all design should take 
into consideration the highest values of load 
within a broad range of amputees. 
 
Figure 5. Socket-limb interface pressure 
predicted by the FE model at the region of  
patellar tendon region. Pre-stress (pressure 
developed at the interface when the socket is 
just donned onto the limb) has some effect on 
predicted interface pressure. 
 
 
Conclusions 
External socket suspension and bone-
anchorage are two available methods of 
attaching a prosthesis to the residual limb. 
Load-oriented problems such as residual limb 
pain caused by excessive pressure from the 
socket, mechanical failures of prosthetic components 
and implant loosing related to the uses of external 
and bone-anchored prostheses are some major 
concerns. Studying the load applied to lower-limb 
prostheses is one important step to optimize the 
mechanical design of prostheses. This article 
demonstrates the use of computation modelling and 
experimental measurement to study the load 
mechanics in two types of prostheses. Further 
investigations, such as study of the impact of a given 
parameter on loading, mechanical design of 
osseointegrated fixations and prosthetic socket are 
suggested. 
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Figure 6. Mean forces (F) and moments (M) 
applied on the fixation averaged across 
various steps of each subject for a gait cycle, 
at anteroposterior (AP), medialateral (ML) 
and long (L) axis. Circles show the identified 
local extrema. 
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